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Quantum key distribution (QKD) based on entangled photon pairs holds the potential for
repeater-based quantum networks connecting clients over long distance. We demonstrate long-
distance entanglement distribution by means of polarisation-entangled photon pairs through two
successive deployed 96 km-long telecommunications fibres in the same submarine cable. One photon
of each pair was detected directly after the source, while the other travelled the fibre cable in both
directions for a total distance of 192 km and attenuation of 48 dB. The observed two-photon Bell
state exhibited a fidelity 85%±2 % and was stable over several hours. We employed neither active
stabilisation of the quantum state nor chromatic dispersion compensation for the fibre.
I. INTRODUCTION
The maturity of quantum communication and the in-
formation theoretic security it provides have already
found multiple applications in metropolitan fibre net-
works [1] including some elections [2]. Studying quan-
tum communication over long-distance links marks the
next step in the advancement of this technology. No-
tably, entanglement provides the potential for being
able to generate a secure key, over longer distance than
decoy based quantum cryptography [3, 4]. Entangle-
ment also facilitates device independent quantum key
distribution (QKD), where a secure key can be gener-
ated even if the devices used are provided by an adver-
sary [5, 6]. Further, the distribution of entanglement al-
lows entanglement purification, which is a fundamental
part of the implementation of quantum repeaters. Since
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even an ideal quantum repeater would be susceptible to
loss, it is of paramount importance to demonstrate en-
tanglement distribution over the longest distance possi-
ble. This will enable applications such as QKD and dis-
tributed quantum computation over distances beyond
the metropolitan length scale. Thus in the long run, we
believe that entanglement distribution will play a key
role in future quantum communication techniques.
Using a satellite, a distance record has been achieved
both for QKD with a trusted node [7] as well as for the
longest distance quantum entanglement has ever been
deployed over [8], bridging a geographical distance of
1200 km while yielding coincident counts at a rate of
1.1 s−1 over a total loss in the dual link of 64 to 82 dB.
If the distance were to be bridged by a fibre-optic ca-
ble connecting the two end-points directly, the attenu-
ation would be at least 170 dB, assuming world-record
low-loss fibres having a loss of 0.142 dB/km [9]. Never-
theless, for links of moderate length, fibre-optic connec-
tions are often the more suitable solution, in terms of
the amount of key generated per year.
The distribution of entanglement through fibre-optic
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2cables has been predominantly focused on time-bin en-
tanglement [10–14], where the entangled degree of free-
dom between the two photons is temporal, i.e., related
to the order in which the photons arrive, as opposed to
their polarisation. The former has been demonstrated
over two 150 km arms [13], while the latter has been
demonstrated over a single arm consisting of a 100 km
fibre spool [15]. The longest distribution of polarisation
entanglement over deployed fibre so far is 96 km [16].
Polarisation entanglement/encoding, in particular,
provides a conceptually higher key generations rate.
The largest concern is its susceptibility to environmental
influences like movement or temperature changes along
the link. Fluctuations in the polarisation state trans-
mitted through the fiber cable result in an increased
quantum bit error rate (QBER) and therefore a reduc-
tion of the key rate. Our results suggest, that polarisa-
tion encoding can be used to its full advantage, even on
a deployed long-distance fibre link.
In this paper we demonstrate entanglement distribu-
tion, using the polarisation degree of freedom, through
a total of 192 km of deployed optical fibre that is part
of the active classical telecommunications network link-
ing the Mediterranean islands of Malta and Sicily. The
fibres we used are dark fibres carrying no classical sig-
nals, deployed in a bundle containing other optical fibres
carrying classical signals. Although polarisation entan-
glement has been demonstrated in a laboratory setting
over 100 km of spooled fibre [15], and the longest de-
ployed fibre link was 96 km long [16], it is possible to
extend this range significantly. In the present work, one
photon from each entangled pair was detected right at
the source in Malta, whilst the second was sent through
the submarine cable to Sicily and back to Malta via
a second dark fibre, where it was eventually detected.
Our demonstration is carried out at the same location
as in [16]. The experiment was conducted without the
use of either compensation of chromatic dispersion, or
any active stabilisation techniques. We conclude that
polarisation entanglement is robust enough to be used
in current commercial scenarios and provides an attrac-
tive alternative to time-bin entanglement over long fibre
links.
II. SETUP
An illustration of our experimental setup is de-
picted in Fig. 1. A photon source creates polarisation-
entangled photon pairs by spontaneous parametric
down-conversion. Spectral filtering using wavelength-
division multiplexers separates the photons into two fre-
quency channels – ITU Grid channels 32 (1551.72 nm)
and 36 (1548.51 nm) – with the spacing between adja-
cent channels being 100 GHz and with each channel hav-
ing a full-width at half maximum (FWHM) of 0.6 nm
(similar to that described in Ref. [16]). One photon
from each pair was sent to a polarisation analysis and
detection module located in Malta close to the source.
Its entangled partner photon was sent to Sicily via a
submarine telecommunications optical fibre cable and
looped back to Malta. The submarine cable, 96 km long
each way, introduced a one-way attenuation of 24 dB
and consisted of a bundle of several non-zero disper-
sion shifted fibres (Corning LEAF [17]) which comply
with the specifications of the International Telecommu-
nication Union (ITU-T G.655). The cable contained
some fibres carrying classical data in the C-band around
1550 nm at optical powers in the order of milliwatts, as
well as two dark fibres that were used as the quantum
channel. In Sicily the two fibre ends were patched to-
gether in an underground utility vault on the outskirts
of the town of Pozzallo (Italy), resulting in a looped
quantum channel 192 km in length, over which the total
attenuation was measured at 48 dB. Although the fibres
were located inside the same cable, no cross-talk from
the classical signals was observed in the quantum chan-
nel at our wavelengths. Upon its return to Malta, the
photon was detected in close proximity to the source.
A. The polarisation-entangled photon-pair source
Our source was based on type-0 spontaneous para-
metric down-conversion in a 4 cm-long magnesium oxide
doped periodically poled temperature stabilised lithium
niobate (MgO:ppLN) bulk crystal with a poling pe-
riod of 19.2µm. The type-0 process converts, with
low probability, one linearly-polarised pump photon at
775.075 nm from a CW laser to two daughter photons,
commonly referred to as the signal (s) and idler (i) pho-
tons, in the C-band, having the same polarisation as the
pump photon. The MgO:ppLN crystal was bidirection-
ally pumped inside a Sagnac-type setup [18] including a
half-wave plate, thus creating a polarisation-entangled
state.
|Φ−〉 = 1√
2
(|VsVi〉 − |HsHi〉), (1)
The birefringence of the quantum channel was com-
pensated for in both the H–V (horizontal–vertical) and
the D–A (diagonal–anti-diagonal) bases by sending laser
light at 1551.72 nm through the quantum channel from
the point in the setup corresponding to where the
SNSPD system lies in the figure, and analysing it with
a polarimeter in the region labled ”FSB” in fig 1.
With the manual polarisation controllers, the fibre was
aligned such that the polarisation state of the light, as
defined by the polarising beam splitter and half-wave
plate in front of the detector also arrives at FSB. Fol-
lowing this, the laser was disconnected again and the
SNSPD was connected in its stead, allowing quantum
measurements to be performed in the configuration de-
picted in Fig. 1.
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FIG. 1. Setup and location of the experiment: We used a fibre optic cable which links the Mediterranean islands of Malta
and Sicily. A continuous-wave laser at 775 nm produces, via spontaneous parametric down-conversion, photon pairs which
are entangled in polarisation due to the Sagnac geometry. Signal and idler photons are separated by frequency into two
different fibres; one photon is detected immediately in Malta in a polarisation analysis module consisting of a half-wave plate
in front of a PBS and one superconducting nanowire single-photon detector (SNSPD), and the other detected by a second
detector in the same cryostat after transmission through the 192 km submarine fibre loop and a polarisation analysis module.
(Abbreviations—λ/4, λ/2: wave-plates; PBS: polarising beam-splitter, YVO4: yttrium orthovanadate plate; DM: dichroic
mirror; PPLN: MgO-doped periodically poled lithium niobate crystal (MgO:ppLN); WDM1: 0.6 nm band-pass filter (centre
wavelength 1551.72 nm), WDM2: 0.6 nm band-pass filter (centre wavelength 1548.51 nm); PC: fibre polarisation controllers;
LPF: 780 nm long-pass filter; SNSPD: superconducting nanowire single photon detectors; TTM: time-tagging module; FSB:
free-space beam. Mirrors and fibre couplers not labelled, lenses omitted.) Photos courtesy of NASA Worldview.
B. The detection system
The photons were detected using two separate fibre-
coupled superconducting nanowire single-photon detec-
tors (SNSPD) in the same commercial croystat (Single
Quantum Eos) operating at 2.9 K. A current driver (Sin-
gle Quantum Atlas) was used to read out the signals,
which were digitised by a time tagging device. Since
the efficiency of the detectors is dependent on the pho-
ton polarisation, we used a manual fibre polarisation
controller to optimise the detection efficiency. Detector
“A” exhibited a dark-count rate of 900 per second at an
efficiency of 60%, whereas detector “B” was operated at
an efficiency of 12% to reduce the dark-count rate to 20
clicks per second.
III. RESULTS AND DISCUSSION
Pairs of photons were identified using timing cross-
correlations, an example of which is shown in Fig. 2.
The large effective jitter of the system was a primary
source of error. In an independent measurement with-
out a long fibre, this peak is 250 ps wide, mainly due to
timing uncertainties in the time-tagging unit and the jit-
ter of the detection system. Improved electronics could
more than halve this. Chromatic dispersion accounted
for a further 760 ps [17], taking into account the shape of
the spectrum. This effect can also be mitigated, for ex-
ample by using narrow band chirped fibre Bragg grating
filters [19]. Further, separate laboratory experiments
have shown that the synchronisation scheme employed
using the time taggers introduced a further 500 ps of
timing uncertainty when measuring a temporal delay
of about 1 ms. This effect could also be compensated
by locking the internal clock of the time tagging unit
to a more stable external clock. The above techniques
should enable us to significantly increase the link dis-
tance and key rate.
The number of coincident pairs of photons was cal-
culated by integrating the correlation function over a
region of 823 ps, equivalent to 10 time-bins of the time
tagging unit. The local count rates were 2.1 × 106 s−1
in the first detector and 55 s−1± 2 s−1 in the detector
after the link, with 20 s−1 of these being dark counts.
The average rate of coincidence counts for the 100 s-long
measurements was 4.3± 0.3 s−1 for measurements that
were supposed to be correlated (H–V, V–H, D–A, A–D)
and 0.3±0.2 s−1 for measurements where no correlation
was expected.
To quantify the quality of the entangled state after
transmission through both fibres used in the submarine
cable, we performed a series of two-photon correlation
measurements. The polarisation-analysis modules were
used to measure the coincidence visibility in the H–V or
D–A bases, with four measurements required for each
basis setting. The fidelity of the two-photon state with
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FIG. 2. The cross-correlation function between the time
tags from the two detectors shows a peak at a relative delay
of 0.945 ms, which corresponds exactly to the total loop dis-
tance of (192820.538 ± 0.004) m, assuming that the latency
of the two detectors is identical. The full-width at half-
maximum is 1 ns. The three main factors that contribute
to the peak width are the chromatic dispersion of the fibre
link of 760 ps for our signal spectrum, the timing jitter of
the detectors and of the time-tagging units – ∼ 250 ps and
the clock synchronisation accuracy estimated from a sepa-
rate measurement (using a 1 ms optical delay in the lab)
of about 500 ps. The data shown here was measured over
100 s, while the rate of coincident clicks was 3.8 ± 0.2 s−1.
The orange graph is a fit to a measurement using the same
detectors without the long fibre link. It has been normalised
to the same height as the measured counts from the link ex-
periment. The FWHM is here 250 ps in this case.
respect to Bell state (Eq. 1) is lower-bounded by the
arithmetic mean of the two visibilities [20, 21]. The
highest fidelity measured was 88% ± 2%. Locally, the
fidelity was characterised to be 98% ± 0.2%. This ap-
parent deterioration of the quantum state is attributed
mainly to the rather large coincidence window of 823 ps
(which was a compromise between the optimum pair
rate and least error rate) as well as the high local count
rate of 2.1 × 106 s−1. This, together with the dark
counts, increases the accidental coincidence count rate
and deteriorates the detected quantum state. At the
given count rate and local visibility, the best fidelity
that can be achieved with this current system and co-
incidence window is approximately 93.5%, since acci-
dental coincidence clicks deteriorate the quality of the
measured quantum state. The discrepancy of roughly
5% between this value and our measured results is at-
tributed to the imperfect fibre birefringence compensa-
tion and other systematic effects such as offsets in the
calibration of the polarisation analysis modules. Pre-
vious studies concerning polarisation-mode-dispersion
suggest that a deterioration in fidelity by only a few
tenths of a percent [22, 23] is expected for situations
such as ours, where about 0.6 ps of polarisation-mode-
dispersion is expected [17]; however, this is clearly not
the dominant effect in our case.
In order to measure the stability of our setup, in-
cluding the submarine fibre link, we performed a long-
duration measurement of the visibility over a period of
about 6.5 hours. Throughout this period, the visibilities
in the H–V and D–A bases were measured alternately.
Imperfect compensation of the quantum channel and
other systematic issues mean that the visibilities of the
two bases were quite different. In the H–V basis, the
visibility ranged from 74 ± 2% to 86 ± 2%, which cor-
responds to a maximum polarisation rotation on the
Poincare sphere of 12°. The visibility in the D–A basis
was slightly more stable, as it ranged from 87 ± 2% to
94±2%, corresponding to a maximum polarisation rota-
tion of 9°. Nevertheless, our results show that the lower
bound to the fidelity hardly changes over the course
of the six hours. The measured average fidelity was
85±2%, well above 1/√2 ≈ 70.7%, which is the mini-
mum fidelity required to violate a CHSH inequality and
therefore certify entanglement, for the duration of the
experiment. For entanglement-based QKD protocols,
a fidelity of 81% is required to yield a positive secret
key rate [24]. This more stringent bound is also sur-
passed in our data. Since only two detectors were avail-
able to us, without a fast basis choice, in total eight
measurements were needed to estimate the fidelity. We
use these results to estimate the sifted key rate. A
setup which chooses a random basis with 50% probabil-
ity would measure all these measurement combinations
in the same time interval, together with another eight
combinations, in which both users measure in a different
basis. Therefore, the fast switching QKD setup would
be able to analyse sixteen combinations of polarisation
during the time in which a two-detector setup, like ours,
can measure only one combination. However, the rate
of coincident photons in each basis combination would
only be one quarter of the rate of the two-detector setup,
since the setups will only measure both in the D–A and
both in the H–V for one quarter of the time, respec-
tively. Therefore, the sifted key Rs which would have
been observed in a fast-switching QKD setup is esti-
mated to be one fourth of the sum of coincident clicks
of our eight measurements. In Fig. 3b, the red points
correspond to an estimate of the secure key rate, based
on the observed count rate and fidelity [3] in the asymp-
totic temporal limit, therefore ignoring finite size effects.
For this, an error correction efficiency of 1.15 was as-
sumed [25].
Another observable that we have access to is the rel-
ative delay between the two photons, corresponding to
the length of the optical link. We used this data to
assess the stability of the net optical length of the fi-
bre by tracking the evolution of the temporal posi-
tion of the coincidence peaks, which were determined
via Gaussian fits similar to the one shown in Fig. 2.
The error bars have been obtained from the covariance
matrix of the corresponding Gaussian fits. The maxi-
mum change of the coincidence delay, 124 ps, between
hours 2.28 and 6.28 can be explained by a net change
in the average temperature of the fibre, which we con-
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FIG. 3. Long-term measurements on the entangled photon state over the 192 km fibre link, demonstrating excellent passive
stability of the system. a QBER, estimated from the visibility measurements. The QBER shown were calculated from 8
different combinations of measurement bases each integrated over 100 s (The third and fourth data points correspond to a
measurement duration of 84 s and 80 s long, respectively). b The red points correspond to the estimated secure key rate, based
on the observed count rate and fidelity in the asymptotic time limit. c Position of the coincidence peak, as observed from
histograms similar to Fig. 2 over an interval of several hours during which no compensation of the fibre birefringence was carried
out. The error bars correspond to one standard deviation as derived from the fitting parameters.
sider a proxy for the temperature of the seabed. We
estimated the temperature change to be about 22 mK
using a thermal expansion coefficient of optical fibres
of dLdT = 5.6 × 10−7 K−1 and the change of refractive
index per kelvin of dndT = 8.45 × 10−6 K−1 [26]. This
agrees roughly with the findings of Ref. [27] where the
environmentally induced phase noise in submarine fi-
bre cables was investigated in this region. This tem-
perature change corresponds to a length change of ap-
proximately 2.4 mm, which does not have any signifi-
cant effect on the transmitted fidelity since slow length
changes do not exert sufficient strain to cause significant
birefringence. When compared to Refs. [28, 29], our
results show that this submarine environment is very
favourable for polarisation-based quantum communica-
tion in optical fibres, demonstrating even greater stabil-
ity than in laboratories with conventional climate con-
trol, which often only regulates the temperature with
the accuracy of 1 or 2 kelvin.
IV. CONCLUSIONS
We have demonstrated the distribution of
polarisation-entanglement over a total length of 192 km
using a dark fibre that is deployed in a submarine cable
in close proximity with fibres actively carrying classical
communication signals. Our demonstration does not
involve any active stabilisation, in spite of which we
observe remarkable passive stability for the polarisation
state over several hours. Our work extends the length
over which polarisation entanglement distribution is
6proven to be possible using entangled photon pairs
and heralds the use of polarisation entangled photons
and submarine telecommunication optical fibre links as
building blocks for a quantum internet.
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